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The production rates of light-avour hadrons at LEP 1 are set by their masses,
spins, strangeness suppression, and strongly inuenced by the spin-spin inter-
actions of their quarks. Similarities in production of pseudoscalar mesons and
octet baryons, vector mesons and decuplet baryons are observed and explained
by the relative spin congurations of their quarks. Similarity in production of
tensor mesons and (1520) is also seen. The vector-to-pseudoscalar meson and
decuplet-to-octet baryon suppressions are the same and explained by the hyper-
ne mass splitting. The strangeness suppression factor,  = 0:2950:006, is the
same for mesons and baryons. It is related to the dierence in the constituent








, at the temperature,
T = 142:4  1:8 MeV/c
2
. No evidence for additional suppression of strange
baryons is observed. The LEP 1 data are compared with hadronic reactions
and heavy nuclear collisions.
(To be submitted to Phys. Lett. B)
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The fragmentation of partons into observable hadrons is an important aspect of high
energy reactions. The processes occurring at the hadronization stage are soft and not
calculable by perturbative QCD. Therefore many features of particle production mech-
anisms are not understood on rm theoretical base. Such features are usually modelled
by phenomenological models, which aim to describe the fragmentation process quantita-
tively. Strangeness suppression and suppression of baryon production relative to mesons
are two of those poorly understood features. Spin-spin interactions between quarks are
also poorly understood and usually ignored by most of the models.
The relative yields of strange particles in high energy reactions are lower than those
of non-strange ones. This is not surprising in view of the large dierence in the masses of
current or constituent u, d and s quarks. However, while in the eld of mass spectroscopy
the dierence in meson and baryon masses can be calculated quite precisely, in studying
an inuence of the quark mass dierence on the observed hadron production rates one
usually relies on phenomenology.
In the LEP experiments, the strangeness suppression factor,  = 2hssi=(huui+ hd

di),
accounting for a smaller fraction of ss quark pairs extracted from the sea in comparison
with uu and d

d quark pairs, is usually obtained by tuning the parameters in the JETSET
model [1]. The tuned values of  obtained, for example, by DELPHI [2] and ALEPH
[3] are  = 0:307  0:007
0:002
0:017
and  = 0:285  0:015, respectively. These values are
essentially determined by the rate of strange meson production and, as noted in several
LEP experiments, are consistent with the measured ratios of the total rates for vector











i = 0:36  0:10
y
measured, for example,
by ALEPH [3]. We shall return to this observation in sect. 3.1. Similar values of  are
obtained in hadron collider experiments. For example, the UA1 experiment [4], combining
their result with the world average, obtained  = 0:2900:015. Still, in spite of these very
precise values of the parameter , the strangeness suppression is not yet fully understood
even on the phenomenological level (see, for example, [5] for more details).
The comparative properties of meson and baryon production are also not completely
understood. In the JETSET model, baryon production is considered as production of
a diquark-antidiquark pair in a colour force eld in a way similar to the production of
a quark-antiquark pair. The baryon yields are determined by several parameters. The
overall rate of baryons relative to mesons depends on the relative probability to produce
a diquark pair from the sea. The default value of the corresponding parameter qq=q is
0.10. Apart from the same strangeness suppression factor, , as for meson production,
an additional strange diquark suppression factor (us=ud)= (with the default value 0.40)








) (with the default value of 0.05). In addition, the popcorn
mechanism allows one or more mesons to be introduced locally in phase space between
a baryon and an antibaryon. With such a large number of parameters, it is dicult to
avoid the conclusion that the baryon production in this model is essentially just tuned
to the experimental data.





in [6] where a similarity in the mass squared dependence of the meson and baryon rates
was found. It was followed by a rather successful thermodynamical approach to hadron
production [7] and by a simple but interesting model of Yi-Jin Pei [8]. In this paper,
y
In this paper, the charge conjugates and antiparticles are not included into the denition of the average hadron
multiplicities.





in particular the role of spin-spin interactions of their constituent quarks, the strangeness
and baryon suppression, by studying the mass dependence of the hadron rates. We
show that the mass dependence of the production rates measured at LEP 1 exhibits
many interesting features. These features allow deeper understanding of the light-avour
hadron production. This understanding is based on the quark model with the constituent
quarks successfully used in the eld of mass spectroscopy.
2. Quark model
If SU(3) were a perfect symmetry, all the particles in a given SU(3) multiplet would




annihilations with the same rates.
It is not the case because the s quark is substantially heavier than the u and d quarks.
But that is not the whole story because the masses of particles composed from the same
quarks, but belonging to the dierent SU(3) multiplets, such as the pseudoscalar and
vector mesons or the octet and decuplet baryons (or even belonging to the same SU(3)
multiplet, such as the  and ), are also dierent. This dierence in the masses is
due mainly to the mass dependence of the hyperne splitting, since the pseudoscalar
and vector mesons or the octet and decuplet baryons dier in the relative orientation of
their quark spins, and is also due, to a smaller extent, to electromagnetic eects, kinetic
and binding energies, etc. In the quark model, successfully applied in the eld of mass
spectroscopy [9], where all other eects apart from the masses of the quarks and hyperne




















































where them are the constituent quark masses and the last terms account in a phenomeno-
logical way for the hyperne splitting. This emanates from a spin-spin interaction pro-
duced by one gluon exchange and depends upon the masses of the quarks, their spins S ,
and the square of the wave function of a quark pair. The A, A
0
are phenomenological con-
stants adjusted to obtain the optimal t to the data. For the usually assumed constituent

















for baryons, an excellent t to the experimental data on the










[9]. The constituent masses dier slightly for the quarks in mesons and those in baryons.
This is not unexpected since they are conned in quite dierent systems. However, the
dierences in the masses of s and u, d quarks for the mesons, m
s





  m^ = 175 MeV/c
2
, are almost the same.
We suggest that this quark model can as well explain the dominant features of the




annihilations for the particles produced in the fragmenta-
tion processes (as well as for the centrally produced particles in hadronic reactions). We
assume that the production rates of the particles belonging to the dierent SU(3) mul-
tiplets and the same SU(6) supermultiplet (such as the pseudoscalar and vector mesons
or the octet and decuplet baryons) would be the same and completely determined by
their masses, spins and strangeness suppression, if the spin-spin interactions between
the quarks and the dierence in kinetic and binding energies could be ignored. Then one
might further assume that the spin-spin interactions are responsible not only for the mass
dierences of hadrons belonging to the dierent SU(3) multiplets and the same SU(6)
3supermultiplet, but as well for the dierences in their production rates, i.e., for example,
for the vector-to-pseudoscalar and decuplet-to-octet suppressions. The decrease of the
vector-to-pseudoscalar suppression for the heavy avors, where the relative contribution
of the hyperne splitting term is much smaller in comparison with the sum of the quark
masses, indicates that this suggestion might be justied.
Our previous assumptions imply that the dierence in the production rates of the par-
ticles with dierent strangeness in the same SU(3) multipletmust be completely explained
















i. Besides, if  is indeed directly related to the quark mass dierence, m
s
  m^,
and since this dierence is practically the same for the mesons and baryons, one expects
that  would be also practically the same for all mesons and baryons (contrary to the
JETSET model assumptions, see introduction). The relation between  and m
s
 m^ may
be obscured when the hadron rates are analysed as a function of the hadron masses, since
spin-spin interactions of the quarks shift the hadron masses. One might expect that this
relation would be more obvious if the hadron rates are analysed as a function of the sum







These ideas are tested in sect. 3, rst with the LEP 1 data on the total production
rates of the light-avour particles and then with the primary hadron rates. The results
obtained are compared with the hadronic reactions in sect 4.
3. Analysis of the LEP data
3.1. Total production rates
The total production rates of the pseudoscalar, scalar, vector and tensor mesons and
the octet and decuplet baryons obtained by averaging the results of the LEP experi-
ments [3], [10]-[30] are collected in Table 1
z
. The measurements from the dierent LEP






(1232) rates measured by DELPHI [20,29] and OPAL [23,30]. In analyzing the total
rates, the  rate of 0:122  0:006 obtained after removal of contributions from the weak
decays of other strange baryons and from 
0
electromagnetic decay was used. The total
production rates for one spin projection, hni/(2J + 1), are also shown as a function of
the hadron mass, M , in Fig. 1.
We rst notice that the mass dependence of the production rates for the pseudoscalar
octet is dierent from the pattern observed for other particles. This is of course not
surprising since most of the pseudoscalars are decay products of other particles and res-
onances. It is quite interesting that kaons and the  are produced with similar rates.
The eight lightest pseudoscalars (, K and ) are the Goldstone particles associated with
the axial charge. They are not exactly massless as would be appropriate for the Gold-
stone particles, and not at all SU(3)-symmetric. Spontaneously broken chiral symmetry
explains these properties (see, for example, [32] and references therein): the squares of
the pseudoscalar octet masses are proportional to the current quark masses. The  has
a large ss component in the wave function and, as well as the kaons, gets its mass from
the weighted contribution of the u, d and s quark masses. Therefore the K and  have

















is summed over the m experiments and hni is the production rate, was larger than one,






4Table 1: Averaged values of the total production rates of the pseudoscalar, scalar, vector and tensor mesons
and the octet and decuplet baryons (the rst column) measured by the LEP experiments: A = ALEPH, D =
DELPHI, L = L3, O = OPAL. The  and 
0
rates measured by ALEPH and the K
0
2
(1430) rate measured by
OPAL in the restricted x
p
ranges were extrapolated to the full x
p
region by us, using JETSET. Direct rates (last
two columns) are obtained from the total measured rates and fractions of the primary hadrons in the JETSET
and Pei models as explained in the text.
Particle Total rate Direct rate
Averaged rate Exper. Refer. JETSET Pei model

0
9:43 0:38 ADLO [3,10{12] 1:32 0:09 1:51 0:10

+
8:53 0:12 ADO [13{15] 1:37 0:07 1:54 0:08
K
0
1:007 0:012 ADLO [3,16{18] 0:302 0:016 0:252 0:013
K
+
1:13 0:03 ADO [13{15] 0:305 0:017 0:260 0:014
 0:90 0:07 ALO [3,11,12] 0:298 0:027 0:271 0:024

0
0:159 0:033 ALO [3,19,12] 0:126 0:027 0:094 0:020
f
0




(980) 0.140.06 O [12] | |

0
1:24 0:10 AD [3,20] 0:67 0:06 0:58 0:05

+
1:20 0:22 O [12] 0:65 0:12 0:56 0:11
! 1:09 0:09 ALO [3,19,12] 0:62 0:06 0:52 0:05
K
0
(892) 0:379 0:017 ADO [3,21,23] 0:228 0:015 0:186 0:013
K
+
(892) 0:359 0:022 ADO [3,16,24] 0:215 0:017 0:180 0:014
 0:097 0:007 ADO [3,21,22] 0:068 0:006 0:062 0:005
f
2








(1525) 0.0120.006 D [20] 0:012 0:006 0:012 0:006
p 0:52 0:02 ADO [13{15] 0:29 0:03 0:062 0:007
 0:186 0:004 ADLO [3,25,17,26] 0:082 0:008 0:022 0:002

+
0:044 0:004 DO [25,27] 0:038 0:005 0:018 0:003

0
0:037 0:005 ADO [3,28,27] 0:032 0:005 0:015 0:002

 
0:0133 0:0006 ADO [3,25,26] 0:0100 0:0011 0:0055 0:0006

++
(1232) 0:044 0:018 DO [29,30] 0:042 0:017 0:030 0:012

+
(1385) 0:0118 0:0011 ADO [3,25,26] 0:0108 0:0012 0:0107 0:0012

0




0:0006 0:0001 ADO [3,28,26] 0:00055 0:00010 0:00053 0:00010
(1520) 0:0107 0:0014 O [26] | |
does not become massless even in the chiral limit because of the well known U(1) anomaly
in the axial current. The enhanced 
0
production in low energy pp annihilations and B
meson decays suggests that the 
0
gets its mass through mixing with glue states which
are expected to be much heavier, as also suggested on dierent theoretical grounds (see,
for example, [33] and references therein). The hidden strangeness contribution in the 
0
is smaller than in the . Therefore the production properties of the  and 
0
are expected
to be dierent. The data show that the 
0



















(980). It supports their classication as particles made mostly from
qq.
Apart from the pseudoscalar mesons, the mass dependences of the vector and tensor
meson and the octet and decuplet baryon rates in Fig. 1 appear to be quite similar. The






with dierent normalization parameters for the vector and tensor mesons and all baryons,




. The quality of the t is
rather poor (
2
=ndf = 33=11), essentially due to the contribution of the  data point,
5whose rate is measured very precisely
x
. Its removal improves the t signicantly, resulting
in 
2
=ndf = 11=10, with only very small changes in the values of the tted parameters




). The reason for the larger  rate compared
with the  rates is presumably related to their hyperne splitting (see sect. 3.2).
At least approximate similarity in the slopes of the mass dependences of the total
rates for the vector and tensor mesons and the octet and decuplet baryons is interesting
and agrees with the assumptions made in sect. 2. If the strangeness suppression can be
described by the universal suppression factor , the production properties of the octet and
decuplet baryons are expected to be very similar, apart from the overall normalization
of their production rates which can be dierent due to the dierent spin orientations of
their quarks. The observed similarity in the shapes of the mass dependences of the vector
and tensor meson rates and the baryon rates is also understandable if the strangeness
suppression is the same for the mesons and baryons.
We referred in the introduction to the results of the LEP experiments, where the values
of  determined from the ratios of the total vector meson or some baryon rates were very
close to the value of  obtained from the JETSET model tuned to their data. Therefore,
in the rst step, we also determined the strangeness suppression factor from the ratios
of the total production rates, using the averaged results of the LEP experiments from
Table 1. These ratios and the corresponding values of  obtained from them are collected
in Table 2. The values of  for the vector and tensor mesons and for the decuplet baryons
are consistent with each other within errors. They are also compatible with the usually
assumed value   0:29 (see introduction) although slightly smaller. This is also true
within errors for  obtained from the 
0
(1530)/(1520) ratio, for the particles with the
same spin, similar masses and dierent strangeness, although belonging to the dierent
SU(6) supermultiplets (so that this value must be treated with caution).
Table 2: Ratios of the total production rates for particles belonging to the same SU(3) multiplets and corre-




0:078 0:009 0:279 0:015
/K
0
























0:25 0:13 0:25 0:13

 
/p 0:026 0:001 0:160 0:005

 





0:305 0:032 0:305 0:032
/p 0:235 0:015 0:235 0:015

+

































0:27 0:11 0:27 0:11

0
/(1520) 0:37 0:08 0:37 0:08
For the octet baryons, the values of  obtained from the dierent particle ratios vary







a factor of 2-3 smaller than those for other SU(3) multiplets. This is the longstanding
x




















are shown in Fig. 1 and all subsequent gures separately. However, their average
rates taken at the average masses were used in this and the subsequent ts.
6problem in interpretation of the total production rates of the octet baryons. The JETSET
model attempts to solve it postulating an additional suppression of the strange baryons.
The dierent approach to this problem is suggested below.
Let us investigate, following our suggestions of sect. 2, the dependence of the total







We observe (see Fig. 2) that the production rates of the vector mesons and decuplet






lie on the same curve. This remarkable behaviour is
expected from the arguments presented in sect. 2, since the relative orientation of the
quark spins for these particles are the same. It also explains why the values of the
strangeness suppression factor  for the vector mesons and decuplet baryons in Table 2
are very similar.
The relative orientation of the quark spins for the pseudoscalar mesons and two combi-
nations of quark pairs for the octet baryons is also the same. Therefore a similarity in the
behaviour of the vector mesons and decuplet baryons observed in Fig. 2 must presumably
also be seen for the pseudoscalar mesons and octet baryons. The general tendency of the
mass dependence for the pseudoscalar mesons and octet baryons in Fig. 2 is indeed quite
similar.
The tensor mesons and the (1520) with the same orbital momentum l = 1 are not
considered in Figs. 2, since we are not sure how the spin-orbital interactions must be
treated in the corresponding mass formulae. However, it is interesting that the (1520)
rate in Fig. 1 is consistent with the mass dependence for the tensor meson rates, just
as in Fig. 2 the rates of the vector mesons and decuplet baryons are consistent and the
pseudoscalar mesons and octet baryons are consistent.
The mass dependence for the vector mesons and decuplet baryons is well described by







=ndf= 6.5/5. For hadrons in the same SU(3) multiplets, the dierence
in the sum of their quark masses is proportional to the quark mass dierence, m
s
  m^,
and this dierence is almost the same for the mesons and baryons. This suggests an








where T = 1/b and b is the slope parameter of the exponential (3) given above. The
corresponding  values from (4) for mesons and baryons, respectively, are 0:256  0:005
and 0:2520:005, in agreement with the results in Table 2. The small dierence between
them is due to the slightly dierent m
s
  m^ values for mesons and baryons.
The mass splitting term in (1) and (2) shifts the masses of the vector mesons and
decuplet baryons to larger values. This must result in their smaller production rates
in comparison with the situation when the spin-spin interactions are not important and
hadron masses are fully determined by the sum of their quark masses. For the pseu-
doscalar mesons and octet baryons, the mass splitting term shifts the masses to smaller
values and this must result in their larger production rates. These considerations are
presumably valid for the primary produced hadrons originating from fragmentation. The
dierence in the total production rates of the pseudoscalar and vector mesons and the
octet and decuplet baryons seen in Fig. 2 is, of course, partly explained by signicantly
larger contribution from the decays of the heavier hadrons for the pseudoscalar mesons
and octet baryons than for the vector mesons and decuplet baryons. Still the pattern
of the data in Fig. 2 strongly suggests that at least a part of this dierence, and conse-
quently the smaller values of the vector-to-pseudoscalar and decuplet-to-octet ratios in
comparison with the naively expected value of 1, are due to the hyperne mass splittings.














411, 300, 202 and 202 MeV/c
2


























Instead, the experimental ratios of the total rates
{
, =(3) = 0:048 0:004, 
++
=(2p) =
0:042  0:017, K




































for non-strange and strange hadrons, respectively. The phenomenon of the vector-to-
pseudoscalar suppression is known for a long time but poorly understood. The new and
very interesting result is that the vector-to-pseudoscalar and decuplet-to-octet ratios,
weighted with the spin counting factors, are essentially the same and dier in the same
way from their naively expected value of 1. Besides, this deviation can be explained,
at least qualitatively, by the hyperne splitting, although for the total rates it is also
inuenced by the decays of the heavier hadrons.
The previous analysis was essentially qualitative, since the total rates of the light-
avour hadrons are strongly aected by the decays of the heavier hadrons. The analysis
of the primary hadrons can be more quantitative, even if their production rates can be
reconstructed only by means of some models. Such analysis is performed in sect. 3.2.
3.2. Direct production rates
The primary hadrons are dened as those which are not decay products of other
particles or resonances. Since the JETSET model describes the general features of the
particle production at LEP 1 quite well, the direct production rates for the pseudoscalar
and vector mesons and for the octet and decuplet baryons were rst determined by
multiplying their total rates given in Table 1 by the fractions of primary hadrons obtained
from the JETSET model. Then the same procedure was applied using the fractions
obtained in the Pei model [8], which even more successfully described the production rates
of the light and heavy avour hadrons at LEP 1. In this model, in certain aspects quite
similar to our approach discussed in sect. 2, all light avour hadrons up to a mass of 2.5
GeV/c
2
in the meson and baryon PDG summary table were included in the calculations.
The corresponding fractions of primary hadrons for both these models can be found in [8].
The resulting direct rates are given in Table 1. It is important to remember that the direct
rates obtained by this procedure can be quite dierent from those predicted by the models,
since the model predictions for the total rates dier in some cases from the measured
rates, as it is, for example, for the K
0
2
(1430) total rate [20] in the JETSET model.
The errors of the direct rates in Table 1 include an additional 5% error accounting for
the uncertainties in the primary fraction values. For the octet baryons this error was
increased to 10%. Apart from the octet baryons, the direct rates obtained with these
two models are compatible within errors (see Table 1). For the octet baryons, the situation
is completely dierent. For them, and especially for the p and , the primary fractions
are much smaller in the Pei than in JETSET model, mainly due to a contribution of
{
















here and in Table 3 in sect. 3.2 were averaged.
8orbitally excited baryons in the Pei model. The additional systematic error increased to
10% for the octet-baryon direct rates can not, of course, compensate for this principal
dierence between the models.
This is also illustrated in Table 3 where the vector-to-pseudoscalar and decuplet-to-
octet ratios for the direct rates, weighted with the spin counting factors, are given. The
vector-to-pseudoscalar ratios for both these models are consistent within errors. However,
the decuplet-to-octet ratios are a factor of 2-3 larger in the Pei model, essentially due
to much smaller direct rates of the octet baryons. The relation (7) fullled for the total
rates is as well satised for the direct rates obtained with the Pei model. The value of the

++
(1232)/(2p) ratio in the Pei model is consistent with other decuplet-to-octet ratios
but also consistent, within errors, with the /(3) ratio. Thus relation (6) fullled for
the total rates is also satised for the direct rates. For the direct rates obtained with








) ratios are the same, but
twice smaller than the K

(896)/(3K) ratio. The 
++
(1232)/(2p) ratio is also signicantly
smaller than the /(3) ratio.
Table 3: The vector-to-pseudoscalar and decuplet-to-octet ratios for the direct rates, weighted with the spin
counting factors, obtained with the JETSET and Pei models.
Ratios JETSET model Pei model
/(3) 0:164 0:015 0:126 0:012
K

(896)/(3K) 0:244 0:016 0:239 0:015

++










) 0:14 0:03 0:25 0:05
Let us now analyse the direct rates obtained with the JETSET and Pei models as a
function of the sum of the hadron quark masses.
Fig. 3, with the direct rates obtained using the JETSET model, exhibits a pattern of
the data rather similar to the one for the total production rates in Fig. 2, apart from
an overall decrease of the pseudoscalar meson and octet baryon rates relative to the
vector meson and decuplet baryon rates. In particular, the p and  rates are larger in
comparison with the mass dependence of the K/,  and 
 
rates, as it is also seen in
Fig. 2. The mass dependence of the vector meson and decuplet baryon rates is again very
similar. The t to the exponential (3) (line in Fig. 3) yields the parameters a = 20:12:1,






=ndf= 13/5. The corresponding  values from (4) for
the vector mesons and decuplet baryons are 0:2890:006 and 0:2850:006, respectively,
(with the mean value of 0:287  0:006) and the temperature
T = 139:6  2:2 MeV=c
2
: (8)
The value of  for the mesons agrees very well with the one obtained in the LEP experi-
ments by the JETSET tuning (see introduction), as of course expected. But it is amusing
that the values of  for the mesons and baryons, obtained without assuming an additional
suppression for the strange baryons, are practically the same, even if obtained with the
JETSET model, where such additional suppression for the strange baryons is assumed.
This contradiction is, in fact, not surprising. The numerous parameters in this model are
adjusted in order to achieve the best possible agreement with the data. However, it does
not necessarily imply that the values of all of these tuned parameters always reect their
original meaning.
The temperature (8) is very close to the pion mass. This means that hadronization of
the quarks into the observable hadrons occurs after the quark-gluon cascade development,
9with the quarks in thermodynamical equilibrium. Notice that the value (8) is quite
dierent from the temperature dened in a dierent context in the thermodynamical
approach to hadron production [7], where T  162   182 MeV/c
2
, or in the Pei model
[8], where T = 298  15 MeV/c
2
.
Fig. 4 with the direct production rates obtained with the Pei model exhibits several
interesting features. First, the direct  and  rates are now much closer to each other
than in the JETSET model. The mass dependence for the octet baryons is now very
similar to the one observed for the vector mesons and decuplet baryons. They dier
only in normalization. Moreover the K and  data points agree very well with the mass
dependence for the octet baryons. However, the  rates are about twice larger than
follows from the extrapolation of the results of the t.
The t of the vector meson and decuplet baryon rates in Fig. 4 to the exponential (3)






=ndf= 13/5. The corresponding
 values from (4) are 0:298  0:006 for the mesons and 0:294  0:006 for the baryons at
the temperature T = 142:9  2:4 MeV/c
2
. These results agree within errors with the
results obtained for the vector mesons and decuplet baryons with the JETSET model.
The t of the K and  and the octet baryon rates and, respectively, the vector meson
and decuplet baryon rates
k





but the same slope parameter b (lines in Fig. 4) gives essentially
the same results, with a
po
= 67  6, a
vd







=ndf= 13/8. They correspond to  = 0:297  0:004 for the mesons and 0:293  0:004
for the baryons at the temperature
T = 142:4  1:8 MeV=c
2
: (9)
The mean  value:
 = 0:295  0:006; (10)
where the half of the dierence between the values for the mesons and baryons was added
linearly to the error, represents our nal result. It agrees with the usually accepted value
of , but describes the strangeness suppression both for the vector and tensor mesons
and for the octet and decuplet baryons. No evidence for additional suppression of the
strange baryons assumed in the JETSET model is observed.
The consistency of the strangeness suppression factor (10) with the tensor meson







are almost not inuenced in the Pei and JETSET models by the decay of the higher mass
resonances. Therefore their direct rates (equal to the total ones) can be calculated using
the value (10) and the direct f
2
(1270) rate obtained with the Pei model (see Table 1).
This results in hf
0
2
(1525)i = 0:011  0:002 and hK
0
2
(1430)i = 0:039  0:006, in excellent
agreement with the total f
0
2




(1430) rate measured by DELPHI [20] and OPAL [23] (see Table 1). It can also be




(1430) rate, that the present analysis strongly favours the DELPHI measurement.
Let us now try to compare the observed splitting between the 
0
and  direct rates, the
decuplet and octet baryon rates, and the vector and pseudoscalar meson rates with the
predictions following from the hyperne splitting, applying the mass formulae of sec. 2.
The hyperne splitting between the 
0




















. This results in 
0
= = 0:634  0:004, in very good agreement with
the ratio 0:66  0:08 of their direct rates from Table 1 obtained using the Pei model
k












were used in the t.
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(an additional 10% error for the octet-baryon direct rates was neglected in their ratio).
The corresponding ratio of the direct rates obtained using the JETSET model, 
0
= =











) ratios of the direct rates
obtained with the Pei model agree very well (Table 3). The description of the data in
Fig. 4 by two exponentials with the same slope implies that the values of these ratios












) = 20917 MeV/c
2


























, in remarkable agreement with the value of M . It can also be noted that
since the hyperne splittings are inversely proportional to the quark masses, naively one
might have expected the  split to be smaller than the  split. This does not agree with
the experimental results on the masses of these states nor, as observed here, with their









ratios are twice smaller than in the Pei model (see Table 3) and, as in the case of the

0
/ ratio, are not consistent with the predictions from the hyperne mass splittings.
For 
++









predicted by (2) is larger than the value of M . Such mass splitting requires
about twice smaller value of the 
++
(1232)/(2p) ratio than obtained with the Pei model.
Still, since the errors are large, the value of 
++
(1232)/(2p) is consistent, within one
standard deviation, with the prediction from formula (2). It can not be excluded that
the larger value of the 
++
(1232)/(2p) ratio might be related to the proton spin crisis.
If only about 30% of the proton spin must be attributed to the valence quark spin, the
observed splitting in the p and 
++
(1232) rates agrees with the expectations. For the
direct rates reconstructed with the JETSET model, the 
++
(1232)/(2p) ratio is about








) ratios as expected from
the hyperne mass splitting. However, the absolute values of all these ratios are twice
smaller than the predicted ones. The uncertainty in the 
++
(1232)/(2p) ratio is mainly
determined by the dierent fractions of the primary protons in these two models and
by the error of the 
++
(1232) total rate. Therefore more precise measurement of the

++
(1232) total rate is very desirable, especially in view of some inconsistency between
the DELPHI [29] and OPAL [30] results.
The hyperne mass splitting explains the vector-to-pseudoscalar suppression quali-
tatively. However, the straightforward application of the mass formula (1) results in
signicantly smaller values of the vector-to-pseudoscalar ratios than those obtained for
the direct rates, both for the JETSET and Pei models. Besides, it does not explain the
relations (6) and (7) satised for the total rates and direct rates reconstructed with the
Pei model. This is, perhaps, not very surprising. For the pseudoscalar mesons, the mass
splitting term in (1) is very large, -480 MeV/c
2
for the  and -308 MeV/c
2
for the K,
i.e. comparable with the sum of their quark masses. For the , it is even much larger
than its mass. Therefore it is understandable that the nonrelativistic quark model can
not be fully successful in describing the meson production rates, even if, surprisingly, it
reproduces the meson masses. It is also not clear how the  production and its inuence
on the  and K production rates must be properly treated in applying formula (1) for
the determination of the  and K rates.
Still, in general, in spite of these problems for the pseudoscalar mesons and, perhaps, to
a smaller extent, for the p and 
++
(1232), one can conclude that the pattern of the data
in Fig. 4 obtained with the Pei model is consistent with its explanation by the hyperne
11
splitting. The direct rates reconstructed using the JETSET model are not consistent
with the predictions from the hyperne splitting even for baryons, presumably, due to an
important production of several SU(6) baryon multiplets accounted for in the Pei model
but not in the JETSET model.
4. Comparison of the LEP 1 results with other data





annihilations at other energies and even for hadronic reactions, at least for










i is the average charged particle multiplicity, in a
broad center-of-mass energy range [34]. As for hadronic reactions, this follows from the
comparison of the total production rates measured by the LEP experiments with the ones
























(1232) production rates measured by the NA27 ex-
periment [35] in pp interactions at a beam momentum of 400 GeV/c

together with the
production rates of the same hadrons at LEP 1. The pp data points are normalized to













(1270), perhaps with grossly underesti-
mated systematic errors practically ignored in [35]), the rates measured by NA27 and
their mass dependence are clearly compatible with the LEP data. This was also shown
earlier [36,37] for the mass squared dependence of the rates summed over all isospin
projections suggested in [6].
The LEP results on the production rates of strange particles are much more precise












, poorly measured if measured at all in high-
energy pp and pp interactions. Therefore, in view of the reasonable consistency between
the LEP and hadronic data in Fig. 5, it would certainly be justied to use the LEP
measurements as the reference sample in searches for a possible strangeness enhancement
in heavy nuclear collisions, as was already suggested in [38]. For illustration, we compare









i ratios, where the hh
 
i is the average multiplicity





at 200 GeV per nucleon [39]. The value of hh
 
i at LEP was deduced from the average
charged multiplicity of hn
ch
i = 20:930:16, obtained by averaging the results of the LEP










collisions is enhanced relative to the production of non-strange particles by a factor of 2
in comparison with nucleon-nucleon and proton-nucleus collisions [39] is far less obvious





































, LEP 1 0:0962 0:0014 0:0117 0:0006
p +
32
S 0:067 0:010 0:0086 0:0011
32
S+S 0:110 0:019 0:022 0:004
32
S+Ag 0:091 0:011 0:015 0:002






 rates given in [35] but measured in other experiments at close incident momenta. The
corresponding references can be found in [35].
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5. Conclusions
The precise LEP 1 data on the production rates of the light-avour hadrons provide
rich information on their production mechanisms. The analysis of these data leads to the
following conclusions:
1. There is a strong evidence that the production rates of the light-avour hadrons are
set by their masses, spins and strangeness suppression factor and, contrary to the
general belief, are strongly inuenced by the spin-spin interactions of their quarks.
2. The diering spin congurations of the quarks oer a clue to explanation of the
interesting similarities observed in production rates for the pseudoscalar mesons and
octet baryons and the vector mesons and decuplet baryons. Similarity in production
rates of the tensor mesons and (1520) is also seen.
3. The vector-to-pseudoscalar and decuplet-to-octet suppressions are found to be the
same for the total rates and direct rates reconstructed using the Pei model.










) and, with some
reservation, 
++
(1232)/(2p) for the direct rates reconstructed using the Pei model
are explained by the hyperne mass splittings.
5. The values of the /(3) and K

(896)/(3K) ratios are larger than can be naively
expected from the hyperne mass splitting. More eorts are needed to understand
this problem as well as the similarity of the vector-to-pseudoscalar and decuplet-to-
octet suppressions.
6. The strangeness suppression parameter is related to the dierence in the quark




, at the value of the temperature T = 142:4  1:8 MeV/c
2
,
consistent with the pion mass. The value of T implies that hadronization of the
quarks into the observable hadrons occurs after the quark-gluon cascade develop-
ment, with the quarks in the thermodynamical equilibrium.
7. The strangeness suppressions for the vector and tensor mesons and the octet and
decuplet baryons are consistent with only one value of  = 0:295  0:006, with no
evidence for additional suppression of the strange baryons.
8. The analysis of the direct production rates calculated from the total rates measured
at LEP and fractions of the primary particles from the JETSET and Pei models,
supports the conclusion of the Pei model about the important production of several
SU(6) baryon supermultiplets, and especially excited baryons, so far neglected in
the JETSET model.









collisions at other energies and for the centrally produced
particles in pp and pp collisions in a broad center-of-mass energy range. This suggests
that the precise LEP 1 data, and in particular the LEP 1 results on the production rates
of strange baryons (antibaryons), can be used as reference samples in testing a possible
strangeness enhancement in heavy nuclear collisions.
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Figure 1: The mass dependence of the total hadron production rates, hni/(2J + 1), at
LEP 1. Here and in the subsequent gures, the data points for the rates of particles with
the same or close masses are slightly shifted to avoid overlap. The lines represent the
results of the ts of the vector and tensor meson and the baryon rates to exponentials
(3) with the same slope.
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Figure 2: The dependence of the total hadron production rates, hni/(2J + 1), at LEP 1






. The line represents the
result of the ts of the vector meson and decuplet baryon rates to the exponential (3).
The best values of the parameters are given in the text.
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Figure 3: The direct hadron production rates, hni/(2J+1), obtained from the correspond-
ing total rates measured by the LEP experiments and fractions of the primary hadrons







. The line represents the result of the ts of the vector meson and decu-
plet baryon rates to the exponential (3). The best values of the parameters are given in
the text.
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Figure 4: The direct hadron production rates, hni/(2J + 1), obtained from the corre-
sponding total rates measured by the LEP experiments and fractions of the primary












octet-baryon rates and the vector meson and decuplet baryon rates to exponentials (3)
with the same slope. The best values of the parameters are given in the text.
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Figure 5: Comparison of the total hadron rates, hni/(2J +1), measured at LEP 1 (dots)
and in pp interactions at a beam momentum of 400 GeV/c (squares). For the LEP 1,
only the rates of hadrons measured as well by NA27 are shown. The lines are the same
as in Fig. 1.
